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Abstract
Defense can be induced in conifer seedlings to reduce pine weevil (Hylobius abietis) 
damage, by treatment with the plant hormone methyl jasmonate (MJ). Few studies have 
addressed important practical issues regarding the use of MJ such as treatment incidence 
and timing, seedling age and its compatibility with plant nursery practices. We examined 
if levels of pine weevil damage depend on seasonal timing and recurrence of MJ treatment, 
and if the observed effects depend on plant age. Norway spruce (Picea abies) seedlings 
from two age cohorts (1 year and 1.5 years old) received four MJ treatments: MJ applica-
tion before winter storage in the previous year, after winter storage but before spring/sum-
mer planting, repeated MJ application (both before winter storage, and before planting) or 
no MJ application at all. Pine weevil damage was evaluated in a lab and field experiment. 
We found that the timing and recurrence of MJ treatment affected the amount of damage 
inflicted by pine weevils in different ways, but these effects were consistent among age 
cohorts. MJ application before winter storage provided the most effective protection, and 
this reduction in damage was comparable to that provided by a currently used physical pro-
tection method against pine weevil feeding. Our results indicated that MJ can be applied in 
line with nursery practices (before winter storage) and provides adequate protection for two 
growing seasons.
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Introduction
Insects are one of the major agents of damage to European forests (Matyjaszczyk et  al. 
2019). The problems caused by insects are usually more prominent in clear-cut forests as 
they are often regenerated through planting, and the seedlings are susceptible to insect her-
bivory during establishment. In these newly planted forests, the pine weevil (Hylobius abi-
etis) is one of the most destructive insect pests because it consumes the stem cambium, 
often girdling seedlings (entire ring of bark removed), causing high levels of plant mor-
tality (Hagner and Jonsson 1995; Långström and Day 2007). Protective measures against 
pine weevil damage are necessary to prevent up to 100% mortality and to date, insecticide 
treatment has been one of the most prevalent methods in Northern Europe (Eidmann et al. 
1996; Nordlander et al. 2011; Örlander and Nilsson 1999; Von Sydow 1997). However, the 
use of insecticides in forest pest insect management is being phased out due to environ-
mental and human health issues. Even though various silvicultural practices and physical 
protective methods against the pine weevil are available, their effects are variable depend-
ing on site conditions (Nordlander et al. 2011; Wallertz et al. 2018; López-Villamor et al. 
2019); thus, complementary and sustainable methods of seedling protection are needed.
One potential strategy to reduce forest pest damage, which has received less attention, is 
to amplify the plant’s own defenses. These defenses encompass resistance traits that enable 
plants to prevent, stop or reduce damage inflicted by insects, and tolerance traits that enable 
withstanding and recovering from damage. Defenses can be classified into two categories: 
(1) constitutive defenses which are present at all times, and (2) induced defenses which are 
activated immediately when damage occurs (inducible defenses), or activated under sub-
sequent attacks after perceiving initial cues or stimuli relevant to a specific type of attack 
(priming of defense) (Mageroy et  al. 2020; Wilkinson et  al. 2019). Induced defenses, in 
particular, have been shown to be effective at reducing damage by aphids, spider mites, 
thrips and other insect pests, in crops such as grape, strawberry, tomato, soybean and lima 
bean (Choh et al. 2004; Omer et al. 2000; Thaler et al. 2001; Selig et al. 2016; Warabieda 
et al. 2005). These effects have been achieved by triggering defenses prior to insect attack, 
without causing physical damage, through the use of the plant hormone methyl jasmonate 
(MJ). MJ is the volatile counterpart of jasmonic acid (JA), which regulates plant responses 
to abiotic and biotic stresses, especially those involved in mediating insect induced resist-
ance (Kahl et al. 2000; McConn et al. 1997; Miller et al. 2005). Application of MJ activates 
production of plant defensive compounds and expression of resistance-related genes, sub-
sequently reducing insect herbivory (Yu et al. 2019). Thus, utilizing MJ-induced defenses 
has emerged as an effective method to increase plant protection against various crop pests 
(Stella de Freitas et al. 2019; Stenberg 2017).
In forest pest insect management, there has been less focus on the effects of exog-
enous MJ treatment on coniferous seedlings and the possibility of using it as a tool to 
boost forest regeneration. This is despite documented increases in the total amount 
of defensive compounds like terpenes, phenolic compounds and resin following MJ 
treatment in different coniferous species, including Picea abies (Heijari et  al. 2005; 
Hudgins et  al. 2004; Moreira et  al. 2009; Zas et  al. 2014). Changes in these chemi-
cal traits are known to be effective induced defense responses following stem dam-
age or biotic attack (Franceschi et al. 2005; Hudgins et al. 2004). Furthermore, these 
MJ-induced changes not only occur locally but also systemically throughout the plant 
(Huber et  al. 2005; Moreira et  al. 2009). MJ treatment to coniferous seedlings has 
been shown to affect pine weevil feeding behaviour, resulting in an overall reduction 
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in damage levels and the likelihood of girdling relative to untreated plants (Moreira 
et al. 2009; Fedderwitz et al. 2015). Moreover, these plant protective effects have been 
observed both in the lab and field. Field results from a previous study showed that MJ-
mediated protection remained for two growing seasons after the initial treatment (Zas 
et al. 2014).
Besides the enhanced protective effects, it has been shown that MJ can negatively 
affect plant growth following application (Heijari et  al. 2005; Gould et  al. 2009). 
When defenses are triggered by MJ, resources could be allocated to synthesize defen-
sive compounds and diverted away from growth. However, this growth reduction is 
not necessarily a hindrance for using MJ to protect conifer seedlings. In fact, a recent 
study shows that this short term growth reduction could be exploited by plant nurser-
ies to stop growth when seedlings reach a certain height (Fedderwitz et al. 2019). In 
the long term, MJ treated seedlings can compensate the growth loss and this temporary 
reduction is compensated by lower mortality compared to untreated seedlings (Gould 
et al. 2008; Zas et al. 2014). Thus, MJ has the potential to emerge as a non-pesticide 
approach for conifer seedling plant protection.
Before MJ can be implemented as a practical protection tool, several aspects need 
to be further investigated in order to optimize its effects. First, the level of induced 
defense triggered by MJ is dose dependent but the required amounts to reach the 
desired defensive effect can vary among species and with different plant variables. 
For instance, higher concentrations of MJ can lead to stronger defensive responses 
and older plants can withstand higher concentrations (Zeneli et al. 2006; Heijari et al. 
2008), while overdose can be phytotoxic or even lethal for younger plants (Gould 
et al. 2009). Second, the timing of induction is another crucial factor. Plant responses 
occur within minutes after JA accumulation (Koo et al. 2009), but it takes longer until 
induced defenses become effective at reducing herbivory (Karban 2011). So far, stud-
ies examining the efficacy of MJ against pine weevil damage have conducted the treat-
ment a few days or weeks prior to insect exposure. However, if MJ treatment is to be 
implemented in nurseries, it should ideally be compatible with conifer seedling pro-
duction practices. Briefly, these practices involve sowing of seeds in spring with plants 
being allowed to grow until late autumn; they are then packaged and stored in freezer 
rooms until the following spring/summer when they are planted. Treatment with MJ 
could, thus, potentially be conducted before winter storage or before planting, or even 
at both time points. Currently, we lack knowledge on whether differences in timing and 
recurrence of treatment, as well as seedling age, could affect the protective effects of 
MJ against pine weevil damage. Therefore, we conducted a lab and a field experiment 
using Norway spruce seedlings to answer the following questions:
(1) If MJ treatment is applied on one occasion, do seedlings receive similar amounts of 
pine weevil damage regardless of whether seedlings are treated before winter storage 
or before planting?
(2) If MJ treatment is applied recurrently over 2 years, both before winter storage (in 
autumn) and before planting (in spring/summer), does it result in less pine weevil 
damage compared to when MJ treatment is applied on only one occasion?
(3) Are the effects of recurrent application and timing of the MJ treatment also affected 
by the age of the seedlings, i.e. older seedlings that were sown earlier (1.5 years old) 
or younger seedlings sown later (1 year old)?




All the Norway spruce seedlings used in the experiments were obtained from a commercial 
plant nursery (Bergvik Skog Plantor AB, Nässja) in Sweden. Half of the seedlings were 
from seeds sown in July 2015 (hereafter referred to as S2015 or the older cohort, Fig. 1) 
and overwintered outdoors in their first year. The other half of the seedlings were from 
seeds sown in April 2016 (hereafter referred to as S2016 or the younger cohort, Fig. 1). 
This plant material was originally part of a separate experiment that examined the growth 
of MJ-treated Norway spruce seedlings with that of untreated and long-night treated seed-
lings (Fedderwitz et al. 2019). Hence, we describe the initial MJ treatments related to the 
previous study in the paragraph below, but the follow-up treatments associated with the 
present study are described in the next section.
In July to August 2016, half of the seedling from the S2015 cohort were sprayed with 
10 mM MJ (Sigma-Aldrich 95%, Ref. No. 392707) three times, and the interval between 
sprayings was 1 week. The other half of the seedlings (control group) in the S2015 cohort 
Fig. 1  Experimental design showing the  timing of treatments relative to seed sowing and plant nursery 
operations. First, seeds of Norway spruce (Picea abies) were sown in July 2015 (S2015) or April 2016 
(S2016) and allowed to grow until the autumn of 2017 (steps 1 and 2). Methyl jasmonate (MJ) was applied 
before or after winter storage (steps 3 to 5), or at both time points. Seedlings from each age cohort (S2015 
and S2016) were subjected to four different treatments: MJ treatment before winter storage or before sum-
mer planting (M1 and M2, respectively), repeated MJ treatment both before storage and before planting 
(M1 + M2), and no MJ application at all (C). Plants were then assigned to a laboratory non-choice pine 
weevil (Hylobius abietis) feeding experiment or planted in a forest clear-cut and evaluated over 2 years
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were sprayed with carrier solution (solution of 2.5% ethanol, v:v) with the same frequency. 
The seedlings in the S2016 cohort were treated in the same way and at the same time, as 
the S2015 cohort. All the treatments were performed outdoors and plants were kept grow-
ing outside until September 9, 2016 when they were subjected to a long night treatment 
(13 h darkness every day from 19:00 to 8:00) for 4.5 weeks. The long night treatment is a 
nursery practice used to prepare seedlings for winter storage and stop seedling growth at a 
desired height. After this treatment, all seedlings were packed in sealed boxes and stored 
in a freezer (− 5 °C) over the winter. For the current study (Fig. 1), we used 200 seedlings 
from each age cohort (S2015 and S2016) and each treatment group (MJ-treated and control 
group).
Methyl jasmonate treatments
At the end of May 2017, seedlings described in the previous section were delivered from 
the nursery to our department (Swedish University of Agricultural Sciences, Uppsala, 
Sweden) and thawed at 5 °C. A week later, seedlings for the lab experiment were planted 
in plastic pots and seedlings for the field experiment were placed in seedling trays. These 
seedlings were then kept under greenhouse conditions for later use. The light period was 
16 h (8 h dark) in the greenhouse, and day/night temperature was 20/16 C°. In order to test 
if the efficacy of MJ depends on whether treatments are conducted solely in 1 year or con-
secutively over 2 years, half of the previously MJ-treated seedlings from the S2015 cohort 
were sprayed with deionized water (treatment M1; MJ application before storage) and the 
other half with 10 mM MJ mixed with carrier solution (treatment M1 + M2; two MJ appli-
cations: before storage and before planting). For the remaining non-MJ-treated seedlings in 
the S2015 cohort, half of them were treated once with 10 mM MJ mixed with carrier solu-
tion (treatment M2; MJ application before planting), and the other half were sprayed once 
with deionized water (treatment C; control: no MJ applications at either time point). The 
same treatments were repeated on the S2016 seedling cohort (Fig. 1).
All treatments were performed only once on June 9, 2017 in a laboratory fumehood. 
MJ (Sigma-Aldrich 95%, Ref. No. 392707) was mixed with a carrier solution of 2.5% 
(v:v) ethanol to achieve the 10 mM concentration before spraying. The spray bottle was 
always pumped until the inner air pressure reached its limit of 2.5 bar, and shaken vig-
orously so that the MJ and carrier solution were well-mixed before spraying. The spray 
container was a Free-Syringe PC 1.5 litre plastic bottle (Jape Products AB, Hässleholm, 
Sweden). The nozzle was placed about 40 cm away from the plants and spraying was 
conducted so that the solution reached and covered the entire seedling in each pot. Each 
seedling was sprayed approximately for one second, then the pot was turned around 180 
degrees and the spraying was repeated in the same way. Treatment of plants with deion-
ized water was performed the same way as MJ treatment. The seedlings treated with 
MJ were dried at room temperature (inside a fumehood, light period 16 h) during 24 h, 
before they were moved back in the greenhouse together with other seedlings.
Lab experiment
Pine weevils
For the lab experiment, the pine weevils used in the feeding test were collected during 
their spring migration on May 27, 2017 at a sawmill (Balungstrands Sågverk AB) in 
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Enviken, Sweden. They were kept in darkness at a room temperature of 10 °C and fed 
with young Scots pine (Pinus sylvestris) stems and branches. One week before the feed-
ing tests on June 16, 2017, pine weevils were placed at room temperature for acclima-
tization (light–dark cycle, 16 h–8 h) and supplied with water and Scots pine branches. 
Female pine weevils were individually placed in a Petri dish with a small Scots pine 
branch piece for 24 h. Those that fed on the branch during this period were selected and 
starved for 3 days before the feeding test.
Testing resistance against the pine weevil
In order to test how the timing and recurrence of MJ treatments on seedlings of two age 
cohorts affects pine weevil feeding under non-choice conditions, we conducted feeding 
tests in the lab (Fig. 1). Two weeks after the MJ treatment on June 22 and 24, 2017, 96 
seedlings were exposed to pine weevils (12 seedlings for each treatment). Feeding tests 
were conducted in two rounds, one right after the other, due to limited space in the lab. 
Each pot containing one seedling was covered with a transparent plastic cylinder with a 
mesh opening at the top, and one female pine weevil was placed inside for 48 h. After 
the feeding test, absolute stem area debarked was calculated for each plant by using mil-
limetre paper to measure the length and width of each scar, and adding up all the areas 
for each scar.
Seedling growth measurements
The height and diameter of seedlings were measured in the greenhouse to quantify and 
compare growth trajectories of MJ-treated and non-MJ treated plants. Five individuals 
from each treatment group were set aside for these growth measurements. The meas-
urements began on June 8, 2017 and ended on September 10, 2017, with an interval of 
6–11 days between measurements. A total of 10 measurements were taken.
Field experiment
To investigate how the timing and recurrence of MJ treatment affects pine weevil prefer-
ence under field conditions, we set up an experiment in a 1-year-old clear-cut with sandy 
soil near Tierp, central Sweden (60°21′N, 17°26′E). The field was previously a commercial 
forest dominated by Scots pine and harvest was conducted in March 2016. A total of 330 
seedlings were planted in 33 blocks on June 15, 2017. Each block was a rectangular patch 
(about 50 cm × 300 cm) that was previously scarified with an excavator before planting in 
2017. Ten seedlings were planted in random order along the two long sides (5 seedlings per 
side) at the border between the humus and mineral soil. The eight treatment combinations 
(MJ × seedling cohort) were replicated once in each block, and an extra seedling treated 
with the commercial protection  Conniflex® (physical barrier) from each cohort, was also 
included. Conniflex is a sand-glue mixture that covers the stem to physically protect seed-
lings from stem chewing by the pine weevils. It has been shown to efficiently reduce pine 
weevil damage and enhance seedling survival (Nordlander et al. 2009). Since such physical 
barriers are often used and have a well-established protective effect, we included it as a 
positive control in the field experiment to compare against the efficiency of MJ in reducing 
pine weevil damage.
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Assessment of pine weevil damage
Pine weevil damage was assessed at two occasions, across two growing seasons (Fig. 1). 
The first measurements were done on September 21, 2017 to assess early pine weevil dam-
age and seedling establishment. The second measurements were conducted the following 
year on June 28, 2018 to examine seedling survival over the winter and follow the develop-
ment of pine weevil damage. During the assessments, we measured the following damage 
variables: (1)  Hdamage - the height from the ground (right above the root collar) to the upper 
side of the highest and last pine weevil feeding scar found on the stem; (2)  Pdamage - the esti-
mated proportion of stem area damaged in relation to the total surface area up to the  Hdamage 
described in (1). Eight replicates of each treatment from 33 blocks were randomly chosen 
to calculate the mean diameter (D) of plants. Using the above mentioned measurements 
and the equation for calculating the circumference of a circle (estimated perimeter of the 
seedling stem), we estimated the debarked area  (mm2) for each plant as:  Adebarked = (π·D) 
 Hdamage·Pdamage. This method was used if the feeding scars were scattered and irregularly 
shaped. If the feeding scars were few and small, absolute stem area debarked by pine wee-
vils was calculated by measuring the length and width of each scar with a ruler, and adding 
up the areas if more than one scar was found. In addition, the height of living seedlings, 
the frequency of pine weevil attack, as well as the number of dead seedlings and the pos-
sible cause of death were recorded. We categorized seedlings according to three possible 
causes of mortality: Drought – seedlings which appeared to have dried out but showed no 
evidence of pine weevil girdling; Girdled – seedlings which were girdled by pine weevil 
feeding; Other – seedlings which were dead due to other unknown cause (e.g., pulled out 
from the soil by birds or mammals in the area).
Statistical analysis
All analyses were conducted in R software version 3.5.2 (R Core team, 2018) using R stu-
dio 1.1.463 (RStudio team 2016), and all graphs were plotted using the ggplot2 package 
(Wickham 2016). For the lab experiment, a linear model (lm command from the nnet pack-
age, Venables and Ripley 2002) was used to test the effect of MJ treatments, conducted 
at different times and occasions, on levels of pine weevil damage. This model included 
two fixed effects: treatment (4 levels: C, M1, M2, M1 + M2), age cohort (2 levels: S2015, 
S2016) and their interaction. Plant diameter before the feeding test was included as a con-
tinuous covariate, and the response variable explored was debarked area by pine weevils. 
Seedling growth (height increment) from greenhouse measurements was also tested with 
a linear model, including the same fixed effects as the pine weevil damage model. Ini-
tial height was added as a covariate in the growth model. For the field experiment, blocks 
where no pine weevil damage was observed on any of the plants were excluded since these 
blocks were considered to have no pine weevil pressure. A generalized linear mixed model 
(glmer command from lme4 package, Bates et al. 2015) including the same fixed factors as 
for the lab experiment, was fitted for area debarked but it included block as a random fac-
tor. In addition to debarked area, attack rate (plant attacked or not) and mortality (alive or 
dead) in the field were also examined as response variables. A linear mixed model (lmer 
command from lme4 package, Bates et al. 2015) was used to test the same fixed and ran-
dom effects as the pine weevil field damage model, but for seedling growth (height incre-
ment). To test the significance of fixed effects and their interaction in all models, the Anova 
command from the car package (Fox and Weisberg 2011) was used. If significant main 
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effects were found, Fisher’s least significant difference (LSD) tests were conducted among 
treatment levels with the emmeans command from emmeans package (Lenth 2019). Due 
to the low number of damaged seedlings, which resulted in many zeros when analysing 
debarked area and attack rate, different data transformation and distributions were tested. 
Generalized mixed linear models that provided the best fit of the data were chosen. Even 
though models converged, no multiple comparisons among treatments followed for some 
models and we interpreted significance with caution.
Results
Lab experiment
There was a significant difference in area debarked by pine weevils among MJ treatments 
differing in timing and recurrence, but the effect of age and the interaction effect of age and 
MJ treatment were not significant (Table 1). Multiple comparisons showed that seedlings 
with treatment only before winter storage (M1) received the least damage and this was sig-
nificantly lower than for control plants (66.5% reduction in damage; Fig. 2a, b). Consecu-
tive MJ treatment (M1 + M2) also reduced damage (54.5% reduction; Fig. 2a, b), while MJ 
treatment right before planting (M2) had the least effect on pine weevil damage (a statisti-
cally non-significant 17.7% reduction; Fig. 2a, b) compared to the control treatment. This 
pattern was consistent between age cohorts (Fig. 2a, b).  
Seedlings varied significantly in growth (height increment) among treatments and 
between age cohorts (Table S1). Overall, seedlings treated with MJ experienced a reduc-
tion in growth compared to control seedlings, and those from the S2015 cohort grew sig-
nificantly more in height than those from the S2016 cohort (Fig. 3a and 3b). The height 
increment of the S2016 cohort was quite similar among MJ treatments (Fig.  3b), while 
there were significant differences among these treatments in the S2015 cohort (Fig. 3a).
Table 1  Results of Analysis of Variance (ANOVA) (df: degrees of freedom; F: F-value; P: p value) for 
linear models used to examine differences in stem area debarked (Debarked area,  mm2) by pine weevils 
(Hylobius abietis) in a lab feeding test. Models included methyl jasmonate treatments (M1, M2, M1 + M2 
and C; see Fig. 1 for an explanation), Norway spruce (Picea abies) seedlings belonging to two age cohorts 
(Sown in 2015 or 2016), and their interaction. Seedling diameter (mm) was used as a continuous covariate 
in the model
Statistically signficant effects are shown in bold (P < 0.05)
Source of variance Debarked area
df F P
Age cohort 1 1.393 0.242
Treatment 3 15.433 < 0.0001
Diameter 1 1.637 0.205
Treatment × Age cohort 3 × 1 1.253 0.297
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Fig. 2  Mean stem debarked area  (mm2) (± standard error) by pine weevils (Hylobius abietis) for Norway 
spruce (Picea abies) seedlings belonging to two age cohorts sown in 2015 (S2015; panels a, c and e) or in 
2016 (S2016; panels b, d and f). For each cohort, results are presented per experimental treatment in the lab 
(panels a and b) and field (panels c and d, first assessment of damage in Sept. 2017; panels e and f, second 
assessment of damage in June 2018). Seedlings were treated with methyl jasmonate (MJ) before winter 
storage (M1), after (M2), or both before and after (M1 + M2); controls (C) received no MJ application at 
all (see Fig. 1). Seedlings with the physical barrier Conniflex were included as positive controls in the field 
experiment only. Different letters indicate significant differences among treatments at the 5% level (Tukey–
Kramer tests), while means without letters are from models which converged but did not allow multiple 
comparisons (See Statistical analyses). Sample sizes (n) varied as some seedlings died during the experi-
ment
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Field experiment
Similar to the lab experiment, we found that the timing and recurrence of MJ treatment sig-
nificantly affected the amount of damage inflicted by pine weevils. By the first field assess-
ment, which was 3 months after planting, pine weevils had damaged 44 seedlings (22.0%) 
in total, across 20 out of the 33 blocks. The attack rate was not significantly different 
among treatments and age cohorts, or their interaction (Table 2). With respect to pine wee-
vil damage, we found significant differences in debarked area between the two age cohorts 
Fig. 3  Mean seedling height increment (final height subtracted with initial height, cm, ± 95% confidence 
intervals) of Norway spruce (Picea abies) seedlings belonging to two age cohorts sown in 2015 (S2015; 
panels a, and c) or in 2016 (S2016; panels b, and d). Plants were grown in a greenhouse for 95 days (pan-
els a and b, actual data points in faint grey) or in the field between the time of planting (June 2017) until 
the second field assessment (June 2018) (panels c and d). Seedlings were treated with methyl jasmonate 
(MJ) before winter storage (M1), after (M2), or both before and after (M1 + M2); controls (C) received 
no MJ application at all (see Fig. 1). Seedlings with the physical barrier Conniflex were included as posi-
tive controls in the field experiment only. Different letters indicate significant differences among treatments 
that  were significantly different at the 5% level (Tukey–Kramer tests). Significant letters are missing in 
panel b as some treatments had too few replicates for conducting such comparisons. Sample sizes (n) vary 
as some seedlings died during the measurement period
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and among treatments (Table 2). Overall, MJ-treated seedlings received less damage than 
control seedlings (58.4% less damage; Fig.  2c, 2d). Seedlings with the physical barrier 
(Conniflex), which were included as a positive control, received the least damage (89.9% 
less than control; Fig. 2c, 2d). With regards to seedling age, the S2015 cohort as a whole 
received significantly more pine weevil damage than the S2016 cohort. Seedling mortality 
was mostly attributed to drought and girdling, while other causes were less common. The 
overall mortality of seedlings was significantly lower for the S2015 cohort (Table 2), while 
MJ treatment before storage (M1) and those treated consecutively (M1 + M2) for the S2016 
cohort showed higher drought mortality compared to the other treatments (Fig. 4a, 4b). 
By the second damage assessment, which was 1 year after planting, pine weevils had 
damaged 80 seedlings (26.7%) in total, across 30 out of 33 blocks. The attack rate was 
significantly different among treatments, but not between age cohorts or the interaction of 
treatment and age cohort (Table 2). Seedlings with the physical barrier (Conniflex) were 
less frequently attacked, while attack rate was similar among seedlings receiving MJ treat-
ment (Table S2). With respect to pine weevil damage (area debarked), we found a simi-
lar pattern to that found in the lab experiment (Fig.  2a, 2b, 2e, 2f). The main effects of 
Fig. 4  Mortality (number of dead seedlings) of Norway spruce (Picea abies) seedlings belonging to two 
age cohorts (sown in 2015 or 2016) during two field assessments of pine weevil damage. A total of 33 
seedlings for each treatment and age cohort (S2015: panels a and c; S2016: panels b and d) were planted 
in the field (panels a and b, first assessment of damage in Sept. 2017; panels c and d, second assessment of 
damage in June 2018). Seedlings were treated with methyl jasmonate (MJ) before winter storage (M1), after 
(M2), or both before and after (M1 + M2), controls (C) received no MJ application at all (see Fig. 1). Seed-
lings with the physical barrier Conniflex were included as positive controls. We categorized plants accord-
ing to several possible causes of death: “Drought” included dead seedlings that appeared to have dried out 
but showed no signs of girdling; “Girdled” included dead seedlings for which an entire ring of barked had 
been removed by pine weevil feeding; “Other” included dead seedlings which died due other unknown rea-
sons
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treatment and age cohort on damage levels were significant (Table 2), and the overall pine 
weevil damage level for the S2015 cohort was significantly higher than that for the S2016 
cohort. As in the lab experiment, seedlings with MJ treatment before winter storage (M1) 
received the least damage (78.6% less than control), and  those with MJ treatment  right 
before planting (M2) received the most damage (43.1% less than control) among all MJ 
treatments (Fig. 2e, 2f). We also found that the total mortality of seedlings almost doubled 
compared to what we observed during the first assessment, and the interaction of treatment 
and age was significant (Table 2). More girdled seedlings were found for the S2015 than 
the S2016 cohort, while higher mortality attributed to drought was observed for the S2016 
cohort. This is mainly due to the high drought mortality of S2016 seedlings in the treat-
ments M1 (MJ before winter storage treatment) and M1 + M2 (MJ treatment twice; before 
winter storage and before planting).
Seedling growth patterns in the field showed some similarity to those observed in the 
greenhouse. The height increment in the field was significantly affected by treatment, the 
interaction of treatment and age cohort, as well as initial height (Table  S1). The height 
increment in the field showed similar patterns between the two age cohorts (Fig. 3c, 3d). 
For MJ treated plants, the height increment of the seedlings with MJ treatment only before 
planting (M2) eventually reached the same level as that of control seedlings, while the 
other two treatments (M1 + M2 and M2) still grew significantly less than control seedlings 
(Fig. 3c, 3d).
Discussion
Overall, our results show that MJ treatment reduces pine weevil damage and that the pro-
tective effects vary with the timing and recurrence of treatment, but not with the seed-
ling age cohort. To our knowledge, this is the first study that has examined how an almost 
1-year-long (~ 10  months) gap between MJ treatments can affect protection against pine 
weevil damage in Norway spruce seedlings. Our results show that a reduction in damage, 
comparable to that provided by currently used countermeasures such as physical barriers, 
can be achieved if MJ treatment is implemented at the right timing. Seedlings receiving MJ 
treatment before nursery winter storage the previous year, were least damaged by pine wee-
vils both in lab and field. Recurrent treatment did not provide greater protection compared 
to treatments conducted at one occasion. We conclude that MJ treatment can be practically 
implemented in line with nursery practices and seedlings of different ages, below we dis-
cuss our findings in more detail.
Nearly all MJ treated seedlings in both lab and field experiments showed reduced pine 
weevil damage in terms of debarked area compared to control plants. This result is consist-
ent with other studies that have used MJ to trigger induced defenses in seedlings of the 
same and other coniferous species (Moreira et al. 2009; Sampedro et al. 2010; Zas et al. 
2014; Fedderwitz et al. 2015). The reduction in damage has been shown to be mediated, in 
part, by changes in feeding behaviour. For instance, pine weevils make fewer and smaller 
feeding scars on MJ treated Norway spruce seedlings compared to non-treated seedlings 
(Fedderwitz et al. 2015). Studies have also found that MJ-treated conifer seedlings have a 
lower risk of being girdled and this could be related to changes in the continuation (or not) 
of feeding by the pine weevils (Zas et al. 2014; Fedderwitz et al. 2015). Our results, thus, 
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corroborate previous findings that MJ treatment can enhance seedling resistance against 
this insect pest.
However, the extent of damage reduction depends on the timing and recurrence of treat-
ment. Our results indicated that MJ application before winter storage is the best timing 
for conducting treatment, as it offered the best protection to seedlings. A previous study 
testing MJ treatment at one and two occasions found that recurrent treatment provided bet-
ter protection against pine weevils than single treatment (Zas et  al. 2014). These results 
were in contrast to our study; however, they used a shorter time lag between their recurrent 
treatments (4 and 2  weeks before exposure to pine weevils). We found that consecutive 
MJ treatment across years was not necessary, as it did not result in a greater reduction of 
pine weevil damage than the MJ treatment conducted before storage. Similarly, another 
study did not find greater resistance to the pathogen Diplodia pinea when MJ treatment 
was repeated (Gould et al. 2009). Our results suggest that to enhance and maintain seedling 
resistance against pine weevil feeding, MJ application does not need to be recurrent or con-
ducted right before exposure to this insect pest. Thus, our results may increase the potential 
of introducing MJ as plant protection tool in nurseries.
It is important to note that in our study, treatments with different timing and recur-
rences resulted in different doses of MJ, which could contribute to variation in its pro-
tective efficacy. The dose of MJ can be manipulated by either using the same concentra-
tion but different frequencies (or volumes) of spraying, or different concentrations but the 
same frequency (or volume) of spraying. Studies involving different MJ concentration but 
the same frequency of spraying, have shown that higher concentration triggers stronger 
induced chemical responses, with seedlings subsequently receiving less pine weevil dam-
age (Moreira et al. 2009; Zas et al. 2014). Using the same concentration but repeated MJ 
treatment, also results in higher production of defensive chemical compounds and less pine 
weevil damage (Zas et al. 2014). In our study, treatments did not differ in concentration 
but resulted in different doses of MJ with respect to total volume of MJ (highest to lowest 
volume: M1 + M2 > M1 > M2). In line with previous studies, the treatment with the lowest 
dose (M2, 1 spraying) resulted in more pine weevil damage. But, in contrast to other stud-
ies, the treatment with highest MJ volume (M1 + M2) did not receive the least amount of 
pine weevil damage. Altogether, this suggests that the timing of application may be rela-
tively more important than recurrence in mediating effective protection against the pine 
weevil.
Additionally, our results also indicate that differential short and long term effects of MJ 
on seedling resistance can occur based on the timing of treatment. We observed that seed-
lings treated with MJ only before planting (M2) received similar or slightly more damage 
compared to other treatments during the first growing season. Yet, these effects appear to 
have been short-lasting as these seedlings received much more damage during the second 
season. In another conifer species, Sitka spruce (Picea sitchensis), it has been shown that 
the emission of terpenoids reached a peak within a week after MJ treatment; defensive 
compounds like monoterpenoids, sesquiterpenoids, and diterpenoids accumulated in the 
outer stem tissue and reached their maximum about 1 month after MJ treatment (Miller 
et al. 2005). The same study and another study on Norway spruce found that terpene syn-
thesis was still active 1 month after MJ treatment (Martin 2002; Miller et al. 2005). Fur-
thermore, it also has been shown that MJ-induced resistance against insects or pathogens 
can be maintained for more than a year (Zas et al. 2014; Erbilgin et al. 2006; Zhao et al. 
2010).
Following MJ treatment, increased plant resistance to pests can occur through two 
mechanisms: prolonged up-regulation of inducible defenses, and priming of defense 
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responses (Wilkinson et  al. 2019). Prolonged upregulation occurs when defenses remain 
elevated for a long period following MJ application, and provide resistance against subse-
quent attack. For instance, formation of anatomical defenses, such as resin ducts in Nor-
way spruce and leaf trichomes in tomato, can remain at greater densities for weeks and 
years respectively, following MJ treatment (Boughton et al. 2005; Krokene 2015). On the 
other hand, defense priming can occur when defenses are sensitized following an initial 
stimulus, such as MJ. This sensitization allows inducible defenses to be rapidly and more 
strongly activated upon subsequent attack (Pastor et al. 2013; Wilkinson et al. 2019). For 
Norway spruce, a recent study showed that MJ treatment enhanced resistance against bark 
beetle colonization in mature trees, and these effects were mediated through defense prim-
ing (Mageroy et al. 2020). Our study does not allow us to discern among the mechanisms 
underlying greater seedling resistance after MJ application. However, prolonged upregula-
tion of inducible defenses can be costly, especially compared to defense priming (Wilkin-
son et  al. 2019). Given the observed reductions in seedling growth following MJ treat-
ment (discussed below), this could be a more plausible mechanism mediating short- and 
long-term effects. However, a threshold level of MJ might be required to achieve longer 
term effects as plants receiving the lowest dose (M2) were less protected compared to other 
treatments during the 2 year (Fig. 2e,f).
In line with other studies, we observed the well-established negative effect of MJ 
treatment on growth (Heijari et  al. 2005; Gould et  al. 2009). These effects became evi-
dent shortly after treatment for those seedlings of which MJ was applied before planting 
(M1 + M2 and M2). The trade-off between growth and MJ-induced defense can also be 
seen in the longer term from the field growth results (Fig.  3c and 4e, 3d and 4f). How-
ever, these differences are expected to even out with time as MJ-treated seedlings recover 
from this temporary growth loss (Zas et al. 2014). In addition to these growth reductions, 
we interestingly found differences in mortality among MJ treatments and their possible 
causes. Mortality caused by the pine weevil did not differ significantly among MJ treat-
ments, while mortality due to drought seems to be affected by MJ and age cohort. MJ treat-
ment may have alleviated drought-related mortality for the S2015 cohort, but it appears to 
have exacerbated it for the younger cohort (Fig. 4). This is an important factor to consider 
when evaluating MJ-mediated plant protection. Previous studies have documented vary-
ing effects of MJ treatment on plant drought resistance and associated traits, such as root 
growth (Fedderwitz et al. 2019; Heijari et al. 2005; Moreira et al. 2012). Also, studies on 
cauliflower and soybean have shown that MJ application can alleviate drought stress (Wu 
et al. 2012; Mohamed and Latif 2017). However, its effects have been little studied in for-
est regeneration as drought is considered to cause less mortality compared to biotic factors. 
Further studies will be required to tease apart the contribution of MJ treatment relative to 
other factors (e.g., age) in mediating drought susceptibility or tolerance.
Conclusion
We conclude that timing of MJ treatment is relatively more important than recurrence of 
treatment or seedling age for effective protection against pine weevil damage. Our results 
showed that MJ treatment can be conducted the year previous to planting and can con-
fer protection comparable to standard physical barriers. Thus, the use of MJ is compatible 
with nursery practices. Despite the known initial growth reductions and any potential side 
effects (e.g. drought tolerance/susceptibility), the positive effects of MJ in reducing pine 
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weevil damage should not be overlooked. MJ could be a complementary approach to other 
current or novel approaches to safeguard plant health in a sustainable way. Future studies 
should address how timing, recurrence and actual MJ dosage received by the plants medi-
ate induced resistance and the duration of its efficacy.
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